Urban sprawl is a major challenge on the way to sustainable land use as highlighted by the International Year of Soils 2015. Because of increasing awareness of this threat in Europe, there is an urgent need to monitor urban sprawl and to guide European policy development. We found considerable sprawl in Europe at three scales with highly affected regions in the center and along the Mediterranean coast using recently available consistent data across Europe from the European Copernicus programme. Based on our results, we propose a European de-sprawling strategy, including the implementation of targets and limits, and a set of concrete measures to control urban sprawl and to use land in a more resource-efficient way.
Introduction
The global human population will further increase by 30-70% in this century, and will lead to a population shift from rural to urban areas and to significant land-uptake for urban expansion (Montgomery, 2008; Gerland et al., 2014; United Nations, 2014) . The need for both more food production and urban development will fuel the conflict between each, i.e., the need for locations with valuable soils and for suitable construction ground. For example, the Food and
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Agricultural Organization of the United Nations (FAO) expects an increase of 43% in global food demand by 2030 (Food and Agriculture Organization of the United Nations (FAO), 2011). While this competition is pronounced in continents with the strongest population increase, i.e., Africa and Asia (Lambin et al., 2001; Chen, 2007; United Nations, 2014) , it is also strong in other regions where more land is taken for urban areas because of higher land-uptake per person and increasing dispersion of built-up areas (Eigenbrod et al., 2011) .
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Western and Central Europe are among the most densely populated regions (106 persons/km 2 in 2005) with 75%
living in cities (EEA, 2007 (EEA, , 2010 . While there are several regions (e.g., East Germany) where the human population is not growing, the expansion of built-up areas has continued in most regions, even where the population has declined (Haase et al., 2013) . Several studies reported drivers of urban sprawl, including cultural, economic, demographic and social ones (e.g., Mann, 2009 ), i.e., population growth is not the only one. Increasing urban sprawl has many serious 15 environmental, economic and social consequences. Important examples include the conversion of agricultural and other lands into built-up areas that are no longer available for food production, and have resulted in higher energy consumption, higher demand for mobility, higher landscape fragmentation, air pollution, higher spread of invasive species, degeneration or loss of most ecological soil functions, and reduced resilience of ecosystems (Ewing, 2008; Travisi et al., 2010; Wilson and Chakraborty, 2013) . Urban sprawl is counteracting efforts to meet the stipulations of 20 the Kyoto protocol to reduce greenhouse gas emissions (Bart, 2010; Hankey and Marshall, 2010; Jones and Kammen, 2014) . Greater competition for land may result in the intensification of agricultural production, the lack of land for renewable energy production (Haber, 2007) , and higher pressure on protected areas, which will, in turn, aggravate conflicts with conservation management due to light pollution, recreational activities, noise pollution, and other concerns (Güneralp and Seto, 2013; Mcdonald et al., 2009 ). Economic effects include higher costs for transportation 25 infrastructure, traffic congestion, water provision and wastewater collection, electricity, waste management, and so on (Camagni et al., 2002; Carruthers and Ulfarsson, 2003) . Social effects comprise longer commuting times, higher spatial segregation of social classes (Power, 2001; Le Goix, 2005) , health effects due to the heat island effect and air pollution, and the altered perception of the landscape scenery and its character and identity due to the increasing penetration of the landscape by built-up areas. There are also some positive effects of urban sprawl, e.g., that it responds 30 to the wish of people for affordable single houses with a garden and more privacy (Bruegmann, 2005) .
From 2000 to 2006, Europe lost 1,117.9 km 2 /y of natural and semi-natural areas (of which, on average, almost 50%
was arable or cultivated land) to urban and other artificial land development (EEA, last accessed 31.12.2014). Between 2000 and 2030, there is a high probability (> 75%) for about 77'500 km 2 of the European continent to be converted 2
Page 5 of 28 to urban area (Seto et al., 2012) . Future projections suggest an increase in urbanization of up to about 80% by 2050 (United Nations, 2014).
The expected continuation of urban sprawl in Europe and its associated threats demands action to control and manage the spread of built-up areas. Although primarily a national or regional responsibility, this is also more and more reflected at the European policy level (e.g., the 2011 Road Map for Resource-Efficient Europe as part of the Europe 2020 Strategy and the upcoming EC land communication "Land as resource"). Therefore, there is an urgent need to 40 assess the extent of urban sprawl in and across Europe in a consistent and comparable way. In this paper, we determine for the first time the extent of urban sprawl for almost an entire continent.
Materials & Methods
We used a recent method for measuring urban sprawl called Weighted Urban Proliferation (WUP), which combines three components (Jaeger and Schwick, 2014) . While low-density development and the amount of built-up area are 45 important parts of most definitions of urban sprawl in the literature (as reviewed by Jaeger et al., 2010b) , the spatial distribution of the built-up areas is also an important dimension of urban sprawl. Accordingly, our definition of urban sprawl uses all three dimensions: "the more area built over in a given landscape (amount of built-up area) and the more dispersed the built-up area in the landscape (spatial configuration), and the higher the uptake of built-up area per inhabitant or job (lower utilization intensity in the built-up area), the higher the degree of urban sprawl" (Jaeger 50 and Schwick, 2014) . Various methods have been proposed to quantify sprawl patterns, ranging from single to multidimensional metrics (Galster et al., 2001; Hasse and Lathrop, 2003; Bhatta et al., 2010) . One-dimensional metrics do not account for the multi-dimensionality of urban sprawl, while the combination of many sub-indicators raises the risk of including causes and consequences of sprawl rather than describing the phenomenon of sprawl itself (Jaeger et al., 2010b) . The WUP metric combines the percentage of built-up area (PBA), the spatial distribution of built-up 55 areas (DIS), and the land-uptake per person (inhabitant or job) (LUP) in the built-up areas (Jaeger and Schwick, 2014) .
The LUP is measured in relation to the number of inhabitants and jobs because some built-up areas are more used for working and others more for living. The product of PBA and DIS is called urban permeation of the landscape (UP), which measures the degree to which a landscape is permeated by built-up area (Jaeger et al., 2010a) . Thus, urban permeation is influenced by how much built-up area there is in a landscape and how it is arranged spatially.
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For the calculation of WUP and its components, we used data on built-up areas taken from the European Copernicus land services -High Resolution Layer (HRL) Degree of Imperviousness data set of 2006 (the European Copernicus land services are carried out with funding by the European Union; EEA, 2013), and on inhabitants and jobs from Eurostat (EuroStat, last accessed 18.12.2014 ).
We determined urban sprawl at three scales: country (NUTS-0 according to the Nomenclature of Territorial Units based on population data alone (WUP p ), because job data are not available for all of Europe at this level.
Results

Sprawl at the country level
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Large parts of Europe are affected by urban sprawl (Fig. 1) systematic way, whereas BE is federalistic and every municipality has planned its land use for itself. The Netherlands has a polycentric urban structure in the Randstad region that exhibits some concentration of the population in urban centres, in clear contrast to Belgium which exhibits a disperse urbanization pattern due to the continuous increase in smaller urban centres in the countryside (Nijkamp and Esther, 2002) .
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Sprawl at the NUTS-2 level
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High sprawl values are found in the most strongly industrialized regions, in the vicinity of urban centers, and along major transportation corridors. Two major large clusters of high sprawl values (> 4 UPU/m 2 , which we consider as highly sprawled on the NUTS-2 level) are located in north-eastern France, Belgium, the Netherlands and large parts of western Germany (including the Ruhr district) and in a large part of England. Sparsely inhabited and more rural regions exhibit low values (< 1 UPU/m 2 ). According to our concept of urban sprawl, it makes good intuitive sense to 105 see high levels of sprawl in many NUTS-2 regions with a high population density. In contrast, in areas of very high population density, e.g., in Madrid, the level of sprawl is low (because LUP is low). 
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Urban sprawl is a matter of degree. Our assessment of values > 4 UPU/m 2 as 'high' is based on our qualitative understanding of sprawl and our knowledge and visual perception of landscapes in Europe. We also have studied a variety of settlement patterns in Switzerland and compared the qualitative assessment of their level of sprawl by experts, and found that the quantitative results agreed with the qualitative assessments of the various experts from science, spatial development, and regional planning (Jaeger and Schwick, 2014) . Accordingly, we call NUTS-2 115 regions with WUP > 4 UPU/m 2 as highly sprawled and NUTS-2 regions with WUP > 6 UPU/m 2 as very highly
sprawled. A refinement of this assessment would be possible in a future study.
Two points about the use of NUTS-2 regions are worth noting here:
(1) For the comparison of sprawl between NUTS-2 regions, it is useful to consider that only a certain proportion of the land is suitable for the construction of buildings. These proportions differ greatly among the regions due 120 to geophysical conditions (e.g., glaciers and lakes) or due to protection regulations, e.g., forests in Switzerland (which have been protected from any kind of urban development since 1876; Federal Act on Forest 2013). These parts of the landscape can be excluded from the region investigated to make the values of WUP more directly comparable. We have calculated the differences in WUP with and without these areas that are not suitable for the construction of buildings. The adjusted values of WUP are higher, most of them (90%) are within 10% of their 125 previous value, and only a few of them differ by more than 10% (Appendix B).
(2) Some NUTS-2 regions combine parts of a country that are quite different, for instance, lowlands and mountains (e.g., Austria, Switzerland), or dense population along the coast and low population in the hinterland (e.g., Spain).
Therefore, other reporting units may be more suitable for the analysis of urban sprawl to detect these differences in sprawl in these different parts of the regions, and for comparisons between regions. The use of smaller reporting Page 10 of 28
A c c e p t e d M a n u s c r i p t 
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Page 11 of 28 3.3. Sprawl at the 1-km 2 grid level
The maps of the 1-km 2 grid make patterns visible that are related to the network of cities and large transport corridors (Fig. 3) . Sprawl is found around city centers, along large transportation corridors and along many coastlines.
It is much lower in rural areas and in central areas because of their low land uptake per inhabitant, e.g., Paris (Fig. 4   135 (B)). Sprawl along the coast is observed in many places, for example, along the Côte d'Azur (French Riviera). Such places are often important centers for tourism. In northern Italy, sprawl is highly prevalent in the Po Plain, whereas in the Alps, sprawl is observed along the bottoms of valleys (Fig. 3) . In London, built-up areas form an ellipse (diameter of about 30-50 km), and various towns with a high PBA are found in the vicinity (Fig. 5 (D) ). 
Discussion
The advantages of the 1-km 2 scale are that it corresponds much better to the everyday perception of humans within their environment, and their ability to identify problematic areas of sprawl. It is thus useful for neighborhood planning and for the placement of new designated building zones. Temporal changes are also identified more easily at the 1-km 2 grid, because new buildings have a measurable effect at this scale.
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However, a disadvantage of this scale is that the job data may not be available, as it is the case at the European level for the 1-km 2 grid (WUP p is only based on inhabitants data). There are two options to solve this problem: (1) use job data available at a resolution between the NUTS-2 scale and the 1-km 2 grid, if such job data are available (e.g., for municipalities); (2) distribute jobs from the NUTS-2 regions into the grid cells based on remote sensing data (e.g., light emissions) and information from regional planning maps (e.g., zoning). 
Comparison with other studies and advantages of the WUP method
Most studies about urban sprawl in Europe consider temporal changes in built-up areas for cities or urban regions (Kasanko et al., 2006; Turok and Mykhnenko, 2007; Catalán et al., 2008; Arribas-Bel et al., 2011; Oueslati et al., 2015) or select regions (EEA, 2006; Couch et al., 2007) . The strongest increases in urban sprawl were reported for the outskirts of cities and for rural areas. Even many cities with declining population, most of which are found in
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Central and Eastern Europe (Turok and Mykhnenko, 2007) , have exhibited an increase in urban sprawl (Reckien and Karecha, 2007; Siedentop and Fina, 2010; Salvati et al., 2013; Haase et al., 2014) .
Our results are in agreement with studies published by the EEA (2006) and Siedentop and Fina (2012) as well as Page 13 of 28 have increased sprawl in many regions (Catalán et al., 2008; Siedentop and Fina, 2010) . Couch et al. (2005 Couch et al. ( , 2007 also identified liberal policies and gentrification as important drivers of urban sprawl in the UK. There are also some substantial differences in the results for some countries, due to the differences in the data layers for built-up areas.
Siedentop and Fina (2012) 
175
In contrast, regions with a more compact settlement structure the differences between the two data sets are smaller (e.g., in the Netherlands).
This paper demonstrates how urban sprawl can be measured on a continental and even on a global scale. While sufficiently accurate data on built-up areas are available from all parts of the world (Esch et al., 2012) , comparability among countries may be limited. In many countries, this is also feasible for earlier points in time (e.g., Jaeger and
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Schwick (2014) for Switzerland). Data about inhabitants and jobs may be more difficult to obtain. They are often only available for larger spatial units and then need to be broken down into smaller units (see above). However, there are initiatives towards global gridded population data (e.g., WorldPop, Landscan, GRUMP, UNEP, GPD, GPW). Even when data regarding the number of jobs are unavailable, the WUP method can still be applied because the biggest contribution to sprawl comes from residential areas, where there are almost no jobs (for example in Switzerland, 185 51.2% residential sprawl, 15.4% commercial/industrial sprawl, 32.8% mixed zones sprawl, 0.7% recreational/tourism sprawl). Therefore, larger regions are comparable even without job data because the ratio between inhabitants and jobs exhibits less variability in larger regions, and issues due to the lack of job data become relevant only at a higher resolution (e.g., for the 1-km 2 grid, in downtown areas).
The WUP method captures all types of settlement well through the combination of its three components, i.e., it 190 measures a rather complex phenomenon in a relatively simple way. The presentation of the three components as separate indicators is also useful towards understanding and interpreting the values of WUP. The combination of three sprawl components into one metric is an important advantage, compared to previous studies where only single components of sprawl (e.g., built-up area) are reported, dispersion is either neglected or difficulties are encountered in quantifying dispersion (Razin and Rosentraub, 2000; Yeh and Li, 2001) , some causes or consequences of sprawl are 195 included (Torrens, 2008) , or too many aspects of sprawl are integrated into a single, less transparent index (Frenkel and Ashkenazi, 2008 that were reviewed by Niemeijer and de Groot (2008) . Qualitative aspects are also important and need to be considered in regional planning (using qualitative methods). While the WUP is not intended to replace such qualitative methods, it can complement them to improve the tool-box of regional planners.
Options for the application of the WUP method and wider implications
The quantification of sprawl and its three components is highly useful in many ways. Its use in environmental 205 monitoring systems can bring more objectivity into discussions of the issue of sprawl and its development over time, for instance, if economic growth has been decoupled from sprawl. Monitoring efforts require comparable data about built-up areas from different points in time. When sensor technology changes to increase spatial resolution, a conversion factor may be useful (based on data for the same year from both datasets). It may also be possible to generalize the more detailed data to the resolution of the previous data quality to compare the values. This is a general issue in 210 the observation of temporal changes of built-up areas.
Most importantly, this method makes it possible for planners to predict future levels of sprawl for various planning scenarios, to introduce environmental quality standards (objectives and limits), and to evaluate the effectiveness of measures to control sprawl. Thus, the WUP method provides valuable assistance in the designation of new settlement areas and in the limitation and densification of existing built-up areas. For example, the extent, spatial location, and 215 density of new buildings zones can be analyzed and modified to minimize their contribution to sprawl (comparison of planning scenarios). Similarly, the WUP method allows to estimate the contribution of planned building zones to urban sprawl and to decide upon counteractive measures. For example, existing building zones (that are not yet built over) should be de-zoned when they substantially contribute to urban sprawl. In addition, in regions with a dwindling population, the deconstruction of buildings or built-up areas on agriculturally or ecologically valuable land can re-220 duce sprawl and increase ecosystem services. Such designations should take into account the cumulative effect of all planned future developments. Planners can also use WUP to assess the potential to which densification can reduce the level of urban sprawl, i.e., where the potential is significant.
The need for such methods is high, since sprawl is a major threat to sustainable land use in Europe and because it is increasing rapidly (Siedentop and Fina, 2012) . The need for action is a matter of degree and will depend on the 225 particular landscape (since some landscapes may be more sensititive than others). How damaging the various effects of sprawl are and how urgently action is needed to address them is an important topic for future research. Therefore, we propose:
(1) a European de-sprawling strategy which can consist of the following strategic measures for the containment of sprawl: -Long-term and large-scale settlement planning based on guiding principles for landscape management to strengthen cooperation between municipalities and foster agreement;
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-Establishing economic instruments, e.g., levies that compensate for the increase of property values following planning, development, and infrastructure; property taxes in areas of high sprawl (e.g., Song and Zenou, 2006) ; testing about the effectiveness of tradable planning certificates is ongoing (Bovet et al., 2013; Bizer et al., 2014) .
(2) a series of concrete measures that national, regional and local authorities can apply to reduce urban sprawl:
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-Prevention of further built-up area is the most effective and therefore most important measure; -Where this is not possible, concentrated building should take place, i.e., no new built-up areas outside designated building zones, and only within those zones in places with low dispersion;
-High-quality densification of existing built-up areas (there are many examples of higher quality of life in more densely built-up areas, e.g., in Switzerland);
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-Application of WUP analysis as a tool for urban and regional planning (comparison of planning scenarios, assessment of the cumulative effects of new projects on the degree of sprawl).
Many of these measures have been proposed for a long time, but the use of the WUP metric for implementing a performance control for these measures is a novel approach. Different levels and rates of increase in sprawl may require different counter measures. Future research can provide information about historical and current changes in 255 urban sprawl. This information can also be used to test the effectiveness of various counter measures under different conditions. Due to the time lag to take effect, steps to prevent further spread of settlement area should be taken soon.
Such efforts to control sprawl can be taken right away and do not depend on the cooperation of other countries, in contrast to problems that need to be addressed globally such as climate change and overfishing of oceans. There is no need to wait for better data because the improvements in data quality will not lead to major changes in the results.
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Increasing competition for suitable land for food production, energy production and urban development have been identified by Haber (2007) other studies, and it provides a basis for monitoring temporal changes.
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Appendix A.2. Weighted urban proliferation (WUP) and its three components
The WUP metric combines three components: dispersion, utilization density, and urban permeation (Jaeger and Schwick, 2014) . Dispersion (DIS) reflects the distribution of buildings in the landscape from a geometric perspective using Euclidean distance and is expressed in urban permeation units per m 2 (UPU/m 2 ) of the built-up area. Land 
Dispersion is weighted by the w 1 (DIS) function to make those parts of the landscape where built-up areas are more 420 dispersed more clearly perceived (w 1 (DIS) > 1), while compact settled areas are multiplied by a lower weighting (i.e., < 1) (and 1 when the dispersion equals the 1960 Swiss average). The values of w 1 (DIS) are between 0.5 and 1.5 (Jaeger and Schwick, 2014) . We used a horizon of perception of 2 km (as in Jaeger and Schwick (2014) ), which is the maximum distance up to which the distances between locations in the built-up areas are considered in the calculation of DIS.
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The weighting factor, w 2 (LUP) is always smaller than 1. When LUP > 250 m 2 per inhabitant or job, the weighting factor is close to 1. When it is < 100 m 2 per inhabitant or job (e.g., in downtown areas), the weighting factor is nearly In order to better reflect the true situation of land uptake per person (LUP), commuting-corrected employee numbers were used and full-time equivalents considered. Workers can be employed in the same region they live in, but they can also travel to work from another region of the same country or from abroad. We accounted for the movement of 450 people to their work places by using commuting-corrected employee numbers.
Information about full-and part-time jobs was included by using full-time equivalents to present a more reliable picture of LUP and urban sprawl. The correction factor for full-time equivalents was derived from data on full-time equivalents for Switzerland in 2002. In this year, Switzerland had 3,945,000 employees, 2,748,000 full-time (> 90%) and 1,217,000 part-time (< 90%) employees. 613,000 part-time employees worked 50 -89%, while 604,000 worked 455 less than 50%, which results in a correction factor of 0.849. This correction factor was used to calculate an overall correction factor.
Appendix B. Delineation of reporting units and calculation of adjusted WUP values
Urban sprawl can be measured with and without the inclusion of those areas that are not suitable for the construction of buildings (called "irreclaimable areas"). Although we took the entire area of our reporting units into account,
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this appendix also provides information about the changes in the WUP values when excluding the irreclaimable areas.
The types of areas considered as not feasible for the construction of buildings in Europe were taken from CORINE Land Cover (CLC) and included:
• glaciers and perpetual snow,
20
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• water courses,
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• water bodies,
• coastal lagoons,
• estuaries,
• sea and ocean,
• inland marshes,
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• peat bogs,
• salt marshes,
• salines,
• and intertidal flats. Considering the relative changes (Fig. B. 2), the WUP values excluding irreclaimable area increase considerably in the Scandinavian countries and Iceland (84.15 %). The northern parts of these countries are covered to a larger extent by mountains and glaciers, which in addition to the climate, makes these areas less favourable for the construction of settlement areas.
Similarly, the WUP values increased in all NUTS-2 regions as well when irreclaimable areas were excluded 490 (Fig.B.3 For any particular country, the determination of such areas is possible in a more reliable and more detailed way.
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For example, the areas considered as not feasible for the construction of buildings in Switzerland have been identified by experts. They can be divided into two groups:
1. Areas not suitable for construction because of geo-physical conditions: lakes, rivers, glaciers, firns, rocks, and slopes steeper than 45
• .
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Page 25 of 28 For a given research question, different delineations of reporting units are possible. As an example, we show three possible delineations for Switzerland (Fig. B.4 ).
• The whole area of Switzerland is considered as the reporting unit (RU 1 ) (Fig. B.4 (A) ). The WUP 1 for Switzerland in 2010 is 2.47 UPU/m 2 .
• Areas that are inappropriate for construction because of geo-physical conditions and forests are excluded from 510 the area of Switzerland (Fig. B.4 (B) ). The excluded areas cover 56.7% of Switzerland. The resulting reporting unit (RU 2 ) therefore covers 43.3% of RU 1 . The value of WUP in this case is:
UPU/m 2 / 0.433 = 5.7 UPU/m 2 .
• All areas that are inappropriate for construction because of geo-physical conditions and protection regulations ( 
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Since various regions differ in the amount of area that is not suitable for construction, the comparison of such regions may be more appropriately done when these differences are excluded from the reporting units. This means that WUP provides the degree of urban sprawl of the landscape in relation to the area that is, in principle, potentially 520 suitable for construction. For example, the degree of sprawl of a reporting unit that includes a major lake may be compared more appropriately to a reporting unit without a lake when the lake is excluded. The same is true for areas that are protected. However, this is not easily done in Europe because protection regulations differ considerably among European countries and data about them are difficult to obtain.
Appendix C. Analysis of urban sprawl at a scale of 1 ha
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The scale of an urban sprawl analysis using the WUP metric depends only on the resolution of the necessary data sets about built-up areas and the number of inhabitants and jobs. In Switzerland, we obtained information about builtup areas from Swisstopo's digital landscape model swissTLM3D at a scale of 1:25,000 (for 2010). The swissTLM3D
is a topographic landscape model that includes both natural and artificial landscape features in vector form. The swissTLM3D includes layers of settled areas, which were manually captured along their borders. Data on inhabitants (Fig. C.1 (B) ). Impressive findings about urban sprawl values at a very fine scale can be seen at the following locations:
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• The city center of Zürich is highly populated and includes many working places. Therefore, the WUP values are very low.
• Very low WUP values are also found in the historical centers of small towns or villages. Here, the LUP is very low because of dense settlement.
• High to very high sprawl levels are found in suburban areas. These areas can be residential (areas with scenic 540 views over the lake of Zürich with large lots and villas (c1), less densely used built-up areas with high LUP (c2)), or industrial (c3).
• High sprawl levels are also found in areas with large transport infrastructure facilities like the airport (d1) or the switch yard (d2).
• Medium to low WUP values are found in small villages and rural areas.
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Analysis of sprawl at such a fine scale makes it possible to investigate sprawl down to the scale of neighborhoods and to separately investigate single types of sprawl (residential sprawl, touristic sprawl, industrial sprawl, etc.), which is not possible at the 1-km 2 scale. M a n u s c r i p t 
